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ations of nucleotides in tRNAs, see [1].Transfer RNAs (tRNAs) are ancient macromolecules that have evolved under various environmental
pressures as adaptors in translation in all forms of life but also towards alternative structures and
functions. The present knowledge on both ‘‘canonical” and ‘‘deviating” signature motifs retrieved
from vertical and horizontal sequence comparisons is brieﬂy reviewed. Novel characteristics, proper
to tRNAs from a given translation system, are revealed by a case study on the nuclear and organellar
tRNA sets from malaria-related organisms. Unprecedented distinctive features for Plasmodium fal-
ciparum apicoplastic tRNAs appear, which provide novel routes to be explored towards anti-malarial
drugs. The ongoing high-throughput sequencing programs are expected to allow for further hori-
zontal comparisons and to reveal other signatures of either full or restricted sets of tRNAs.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Transfer RNAs (tRNAs)1 are ancient macromolecules that likely
originated in the pre-biotic RNA world as functional minihelices
[2] that duplicated to form the L-shaped architecture found in all
forms of life on Earth [3–5]. Ancient tRNA probably had diverse func-
tions that could have been in metabolism and replication [6] before
becoming crucial in translation. In modern life, tRNAs remain multi-
functional (e.g. [7–9]), although their pivotal role is in translation
where they are the interface between genetic message and protein.
When this key function was ﬁxed, divergent evolution led to the ex-
tant 20 families of isoaccepting tRNAs, one for each of the 20 amino
acids of the genetic code (see databases for compilation of sequences
[1,10]) but also to atypical tRNAs, notably for inﬁltration in the ge-
netic code of selenocysteine [11,12] and pyrrolysine [13,14]. During
the 3.8 billion years history of life on Earth, and the preceding prebi-
otic era, tRNA molecules were subjected to strong evolutionary pres-
sure. Thus, extreme environments to which diverse genetic lineages




s), nucleotide(s). For abbrevi-had incidence on tRNA evolution. In agreement with this view, mito-
chondrial (mt) tRNA genes accumulated variations [15] and in
Archaea tRNA genes became enriched in intronic additions or split
in pieces [16–18]. Diversity in the tRNA world was also created when
life divided into Bacteria and Archaea and 1.8 billions years later
when Eukarya emerged [19], as well as when the Viruses encoding
tRNAs or tRNA-like mimics entered the theatre of life [20–23].
Accordingly, the tRNA world presents a large diversity as well in
terms of function (not restricted to ribosome-dependent protein
synthesis) as in terms of structure. Several recent reviews illustrate
this diversity [7,24–26]. Here, we ﬁrst recall the most striking devi-
ating situations, as well as the necessary similarity and diversity at
a ﬁne tuned level, governing the central and speciﬁc role of tRNAs
with individual identity in protein synthesis. A less explored aspect
of tRNA concerns the putative existence of kingdom to species-spe-
ciﬁc trends, characterizing full sets of tRNAs from the same trans-
lation machinery. To this end, this work explores the possibility to
distinguish proper structural features within the six sets of tRNAs
(i.e. nuclear and organellar) from the malaria-related organisms,
namely Homo sapiens the human host, its parasite Plasmodium
falciparum, and the mosquito vector Anopheles gambiae. The expec-
tation is that understanding one of the major macromolecular
actor, the tRNA, may open new routes to prevent the disease. As
an outcome, distinctive features of the apicoplastic (ap) tRNAs
from P. falciparum and perspectives that can result from further
sequence data mining in genomes will be discussed.lsevier B.V. All rights reserved.
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Diversity in the tRNA world can be viewed ﬁrst in terms of devi-
ating functional properties and/or strongly deviating structural
characteristics from the ‘‘canonical-type” adaptors at the heart of
the translation machinery. Functional diversity [7] includes cell-
wall synthesis, porphyrin biosynthesis (heme and chlorophyll),
N-terminal modiﬁcation of proteins, initiation of reverse transcrip-
tion in retroviruses, and lipid remodelling [27]. New functions and
new mechanisms of action are continuously being discovered as
highlighted by recent ﬁndings in the ﬁeld of cell transformation
[28] and small interfering RNAs [29,30].
tRNA-derived structural motifs were integrated during evolu-
tion in larger RNA architectures acting in diverse other cellular
non-adaptor functions. Examples are the amino acid accepting do-
main of tRNAAla within tmRNA, a large RNA combining transfer and
messenger function for translational surveillance and ribosome
rescue (reviewed in [31]), the tRNA motifs in mRNAs of amino-
acyl-tRNA synthetases (aaRSs) where they trigger translational
gene regulation (reviewed in [25]), and the intriguing tRNA-like
structures at the 30-end of plant viral genomes (reviewed in
[26,32]). Note that a same shape can originate from folding pat-
terns fundamentally deviating from canonical cloverleafs [33], as
is the case for the pseudoknotted amino acid accepting ends in
the viral tRNA-like structures (e.g. [34]). tRNA-derived structures
with severe perturbations leading to losses of cloverleaf domains
have been discovered in mitochondria (Fig. 1). The initial descrip-
tion refers to minimal versions of tRNA adaptors, in particular in
human mitochondria (and further in mammalian mitochondria),
where a single tRNASer(AGY) lacks the D-arm [35]. More intriguing,
in the nematode worms Caenorhabditis elegans and Ascaris suum,
full sets of mt tRNAs lack either the T-arm or the D-arm [36].
Therefore, mt tRNAs are often referred to as ‘‘bizarre”.
Diversity also exists at several levels of tRNA maturation, from
gene to native molecule (e.g. the presence of introns [16] and of
split genes [17,18]) and within same tRNA isotypes, which can fold
in either the classical L-shape or the unusual k-shape according to
the type of interacting partner protein [37].
3. Biological necessity for subtle diversity in speciﬁcity features:
vertical comparisons
As a consequence of the unicity of life, tRNAs are of Janus-type
with two contrasting faces. On one side they are similar for enter-
ing the ribosome machine, and on the other side, they are different
for amino acid acceptance and decoding the genetic message. Thus,
contemporary tRNAs appear structurally homogeneous (in shape
and sequence), especially those members participating in protein
synthesis that share well deﬁned characteristics both at their pri-
mary, secondary and tertiary structures and thus are referred to
as ‘‘classical” tRNAs [38,39]. Cloverleaf domains have deﬁned sizes
and contain conserved and semi-conserved nucleotides (nts), some
of which form the tertiary interaction network governing the L-
shaped tRNA architecture [40]. On the other hand, the evolution
of tRNA structure is necessarily related with that of its macromo-
lecular protein partners, in other words is correlated with func-
tional aspects of speciﬁc tRNAs. This concerns among others the
relationships with aaRSs and post-transcriptional modiﬁcation en-
zymes. Searching for subtle diversities to deﬁne tRNA speciﬁcities
has been a major trend over many years, and has even contributed
to organize research groups worldwide, according to amino acid
speciﬁcity of tRNAs.
Major tRNA identity signals for aminoacylation have been de-
tected for individual speciﬁcities in a few selected organisms [41]
and in some instances have been compared along phylogeny (e.g.[42]). They appear almost universally conserved and lead to text-
book type knowledge. Base-pair G3–U70 is the most famous exam-
ple, specifying alanine identity in the three kingdoms of life
[43,44]. A number of exceptions and ﬁne-tuned situations modu-
late the identity rules (e.g. reviewed in [41]). Thus, in the case of
the tRNATyr family, base-pair N1–N72 has different contributions
according to the considered domain of life. In the C1–G72 version
it is a major identity element in Archaea and Eukarya and in the
G1–C72 version, it acts in Bacteria, while it has no contribution
to tyrosine identity in mammalian mitochondria [45]. Another
example concerns the tRNAAsp family for which the major identity
elements G34UC36 and G73 are conserved in Bacteria, Archaea and
Eukarya, but where the involvement of G73 has been lost in mam-
malian mitochondria [46]. In a more subtle view, large variations
in the strength of identity signals (expressed as catalytic efﬁcien-
cies of aminoacylation reactions with tRNA variants mutated at
identity positions) have been observed for a given amino acid spec-
iﬁcity that can be kingdom- and even taxonomic group-speciﬁc
[41,45,47]. These functional differences are due to sequence varia-
tions that introduce or remove minor identity elements, most of
them remaining to be deﬁned. They can also be due to other se-
quence subtleties that modulate the conformational plasticity of
tRNA. A typical example is the unusual N15–N48 Levitt pair in
the tRNACys family [48,49].
Further subtleties in tRNA structures come from their idiosyn-
cratic post-transcriptional modiﬁcation patterns achieved by a pa-
nel of more than 100 different modifying enzymes of either broad
or narrow speciﬁcity [50]. The individual modiﬁcation patterns
contribute to structural stability and/or plasticity, to speciﬁc recog-
nition signals (or to negative determinants) for aaRSs, and to codon
reading (e.g. [51]). Interestingly, modiﬁcations of a given tRNA do-
main, i.e. the anticodon loop, permits enough plasticity for speciﬁc
interaction with synthetases (e.g. [7]) while conferring stability for
codon reading during translation on the ribosome (e.g. [52]).
4. Similarities among full sets of tRNAs: horizontal comparisons
Given the above considerations, understanding tRNA can be
viewed in two different and complementary ways: comprehending
the molecular details deﬁning each of the 20 (and even 22) individ-
ual amino acid speciﬁcities/identities across phylogeny and sorting
out typical features of tRNA similarity within sets of organisms
(taxons). While recent research mainly focused on decrypting
structural and functional tRNA features of given amino acid speci-
ﬁcities, research aimed to understand transversal properties re-
mained scarcer. It is likely that the ensemble of tRNAs in a given
taxon or taxonomic group has been optimized by evolution so that
to be best adapted to its life conditions. From that it is anticipated
that sequence conservations are encrypted in extant tRNAs, as glo-
bal signatures within all tRNAs from a given translational
machinery.
A noticeable attempt to unravel kingdom-speciﬁc idiosyn-
cratic characters consisted in a systematic comparison of over
4000 tRNA sequences corresponding to cytoplasmic (non-organ-
ellar) tRNAs from 50 genomes of the three domains of life [53].
In this ‘‘tRNomics” approach, the complete set of tRNAs required
in each genome was compared along 19 structural criteria. A
number of kingdom-speciﬁc characteristics could be retrieved,
illustrated by the three following examples: (i) only eukaryal
tRNAs contain consensus A and B box promoter sequences for
transcription, (ii) archaeal and bacterial tRNAHis genes encode
for residue G-1 while this nt is added post-transcriptionally in
eukaryal tRNAHis, (iii) base-pair 11–24 is always R11–Y24 (i.e.
purine 11–pyrimidine 24) in bacterial and archaeal tRNAs
contrasting with Y11–R24 in eukaryal tRNAs. This comparative
Fig. 1. Examples of diversity in mitochondrial tRNA primary and secondary structures. Sequences correspond to mitochondrial tRNAAsp from Saccharomyces cerevisiae (A),
Arabidopsis thaliana (B), Caenorhabditis elegans (C), and Homo sapiens (D) (see databases [1,59]).
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ing strategies from which the ﬁrst two are common to all do-
mains of life, whereas the third is found only in Bacteria. In
the ﬁrst strategy, called ‘‘A34- or G34-sparing strategy”, tRNAs
with A34 decode as well NNU and NNC codons, allowing 46 dif-
ferent anticodons to decode 62 codons. The ‘‘A34- or G34- and
C34-sparing strategy” further takes advantage of the capability
of U34 to pair with any of the 4 nts at the 3rd codon position
and thus spares anticodons with C34. Accordingly, only 33 dif-
ferent anticodons are sufﬁcient to read 62 codons. The third sit-
uation, only found in Bacteria, namely the ‘‘A34- and G34- and
C34-sparing strategy” is an ultimate situation where 26 antico-
dons are sufﬁcient to decode the full set of codons. As a major
outcome of this ‘‘tRNomics” analysis, the authors conclude that
there is no clear-cut full set of characteristics which deﬁnes
unambiguously structural properties for tRNAs from one given
kingdom of life. However, the data reveal trends towards tRNA
attributes common to taxonomic niches.
The post-transcriptional modiﬁcation patterns reveal other
unique characteristics of tRNAs from speciﬁc domains of life
[54]. Full maps of distribution of post-transcriptional modiﬁca-
tion types in the three kingdoms have been established [55].
Accordingly, some modiﬁcations are exclusively found in Bacte-ria, others in Archaee, and others exclusively in Eukarya and
form thus distinctive horizontal attributes.
As mentioned above, mt tRNAs also present peculiar structural
traits. This was recognized early for human mt tRNAs [56] and ex-
tended to many other mammalian species [57,58]. Major global
characteristics, valid for most of the 3500 considered sequences
[59], include a smaller size than cytosolic (cyt) tRNAs, large size
variability for the D- and T-stem and loops, exclusively short vari-
able regions, and an absence of most of the classically conserved
nts (with the consequence that interactions specifying the tertiary
folding are difﬁcult to predict). Noteworthy also, is the strong nt
bias of mammalian mt genomes and, despite individual exceptions,
of corresponding tRNAs.
Considering the atypical tRNAs discovered in nematode
worms [36] and mammalian mitochondria, one can wonder if
‘‘bizarre” features are signatures for mt tRNAs in all Eukarya.
With the example of the mt tRNAAsp species, Fig. 1 already
shows that this is not the case. A larger phylogenetic comparison
of organellar tRNAAsp (Fig. 2) combined with a manual search for
the presence or absence of the most typical sequence signatures
in the D- and T-loops of canonical tRNAs, namely the G18G19
and T54NC56 motifs, conﬁrms this assumption. The phylogeny
shows that the mt tRNAAsp from lower Eukarya (e.g. yeast) and
Fig. 2. Phylogenetic distribution of various mitochondrial tRNAAsp gene sequences. The phylogenetic tree was constructed with the neighbour-joining method [78] from a
distance matrix derived from a CLUSTALW alignment using the settings ‘‘Correct for multiple substitutions” and ‘‘Exclude positions with gaps”. Node conﬁdence was assessed
using 1000 bootstrap replicates. Branch length reﬂects phylogenetic distance (expressed in substitutions per site). The tree was displayed using the PHYLIP package. For
comparison, three cytosolic genes were considered. These are indicated in bold and concern H. sapiens, A. gambiae, and P. falciparum. tRNAs from plastid-like DNA genes of the
two Apicoplexa Toxoplasma gondii and P. falciparum are indicated in italics. The six organisms considered in the case study are boxed. Manual inspection of individual tRNA
sequences for the presence or absence of residues was performed. All sequences sequestered in the yellow box lack structural signature motifs residues G18G19 and T54NC56
in the D- and T-loops, respectively, and correspond to structurally ‘‘bizarre” tRNAs. Sequences within the pink box have the conserved nucleotides in their D- and T-loops and
are thus of ‘‘classical” structure-type, as is the case for the three cytosolic tRNAs (grey box).
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while mammalian mt tRNAAsp are distant. As seen in Fig. 1, yeast
and plant mt tRNAAsp are of classical structural type in terms of
2D and of conservation of important nts for 3D folding. They
especially contain the expected signature residues in the D-
and T-loops. Accordingly not all mt tRNAs are of ‘‘bizarre” struc-
tural type. They become ‘‘bizarre” only in metazoa (Fig. 2).
We believe that the above conclusion can be generalized to other
identities. Indeed numerous scattered hints point to the existence of
species-speciﬁc signatures in sets of tRNAs belonging to taxonomic
niches. This conjecture will be explored in the following case study
on malaria-related tRNAs.5. A case study: horizontal analysis of the sets of malaria-related
tRNAs
5.1. Background
We explore here the existence of global signature patterns for
each of the six sets of nuclear and organelle tRNA genes present
in the three eukaryal organisms involved in the expression of ma-
laria, one of the most severe human infectious diseases [60].
Accordingly, the sets of tRNA genes from human, the mosquito vec-
tor, and the protozoan parasite are compared. Since the three se-
lected organisms belong to distantly branched groups in the
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expectation is to ﬁnd global species-speciﬁc structural properties
within their tRNAs.
Nuclear tRNA genes have been downloaded from genomic dat-
abases (H. sapiens [61], A. gambiae [62,63], P. falciparum [64,65]).
Intriguingly, the number of individual tRNA genes in the three
organisms differs by an order of magnitude, ranging from 343 genes
in human to 115 genes in the mosquito and even only 35 genes in
the parasite (note that the total number of genes in human and
mosquito is 515 and 414, respectively, indicating multiple copies
of some tRNA genes). Further, the 22 mt tRNA genes from H. sapiens
[56] and A. gambiae [66] were considered. As to the parasite
P. falciparum, we took into account the tRNAs from the apicoplast
organelle, considering that the small 6 kb mt genome does not code
for tRNAs [67]. Note the larger size (35 kb) of the circular apicoplast
genome that codes for 50 genes including 25 tRNA genes [68].
Apicoplasts are relic-plastids found in Apicoplexan parasites, which
originated from the engulfment of an organism of the red algal line-
age. Their exact role in parasites is unknown but typical functions
include fatty acid, isoprenoid and heme synthesis [69].
The six sets of tRNAs were aligned and compared in terms of (i)
presence and size of cloverleaf domains, in particular D-, T- and
variable domains, (ii) presence of the well established conserved
residues classically involved in the tertiary network allowing L-
shape tRNA folding, namely T8, A14, A21, R15–Y48, G18–T55,
G19–C56, and T54–A58 (reviewed in [38–40,70]), and (iii) total
nt composition.
5.2. Comparison of secondary and tertiary structural features
Selected examples of cyt tRNA sequences from the three organ-
isms are given in Supplementary Fig. 1 and full sets of aligned
organellar sequences are presented in Supplementary Fig. 2. Typi-
cal features are summarised in Fig. 3. As expected, human and
mosquito cyt tRNAs appear similar along the considered structural
criteria. They all form L-shaped structures as reﬂected by the pres-
ence of the well-known typical signatures of canonical tRNAs. They
include both class I and class II type variable regions, have D-loops
that contain conserved residues (A14, G18, G19, and A21), 7-nt
long T-loops with the T54TC56 signature, and contain the set of
conserved and semi-conserved nts.
Likewise, the characteristics of A. gambiae mt tRNAs [66] are as
for human mt tRNA (see above). While most tRNAs fold into a full
cloverleaf, tRNASer(AGY) lacks the complete D-domain. These atypi-
cal mosquito tRNAs have D-loops varying widely in size and lack-
ing most conserved nts such as G18 and G19, have T-loops of
various sizes often deprived of the TTC sequence, and show a con-
served small size for the ‘‘variable region”. Finally, the absence of
conserved nts makes it difﬁcult to predict how these tRNAs fold
in the required shape recognized by the ribosome. In summary,
cyt tRNAs from human and mosquito can clearly be distinguished
from the corresponding mt sets. However, on the basis of this glo-
bal analysis, it is not possible to distinguish whether a cyt tRNA is
of human or mosquito origin and likewise for the mt species.
P. falciparum cyt tRNAs include class I and class II types, present
all expected secondary structural domains, are of classical sizes,
and share all expected conserved and semi-conserved nts. Thus,
they resemble the cyt tRNAs from human and mosquito. The 25
ap tRNA genes include two isoacceptor sequences for ﬁve amino
acid speciﬁcities (Ser, Leu, Arg, Gly, and Met). Interestingly, both
class I and class II tRNAs are present. These include well-known
class II tRNASer, tRNALeu and tRNATyr but also a newcomer, initiator
tRNAiMet with a 11-nts long variable region. This unprecedented
structural feature for a methionine speciﬁc tRNA in the full tRNA
database [1] distinguishes it not only from elongator tRNAMet in
the apicoplast and from the cyt tRNAMet of P. falciparum, but alsofrom human cyt and mt tRNAMet species. Within the 515 human
cyt tRNA genes, none of the 20 speciﬁc for tRNAMet shows more
than 5 nts in their variable region (GenomictRNA Database,
http://lowelab.ucsc.edu/GtRNAdb/). tRNAMet from one among four
other apicomplexa (Babesia bovis) shares a long variable region.
Accordingly, the signiﬁcance of this peculiar apicoplast tRNA
remains to be experimentally veriﬁed. Further detailed analysis
of the 25 aligned sequences reveals size conservation of the other
secondary structural domains, in particular of the T-loops and to a
lesser extent of the D-loops. Conserved and semi-conserved nts are
present, T8, A4, G18, G19, A21, R26 in the D-domain, Y33 and R37
in the anticodon loop and C33, T54, T55, C56, A58, Y60, G61 in the
T-domain. Accordingly, apicoplast tRNAs differ from the above-
described human and mosquito mt sets and are expected to fold
into canonical L-shaped tertiary structures, including D-/T-loop
interactions.
5.3. Highly skewed nt contents for organelle tRNAs
It is well established that mammalian mt genomes have skewed
nt contents, leading to tRNAs with biased nt compositions [56,59].
This parameter has been further considered and compared for the
six tRNA sets of interest herein. Fig. 4 illustrates several aspects of
the nt distribution. The three sets of cyt tRNAs have highly compa-
rable total nt contents of near random composition (19%A,
24%T, 32%G, and 25%C) (Figs. 3 and 4A). This holds true even
for P. falciparum nuclear encoded tRNAs despite this organism has
one of the most A + T rich genome with 81% A + T [64]. Globally,
the three sets of tRNAs contain a balanced amount of purines and
pyrimidines (51% versus 49%) but with a stronger G + C (57%) and a
weaker A + T (43%) content (Fig. 4B). The three sets are signiﬁcantly
different from organelle encoded tRNAs for which the nt content is
strongly and signiﬁcantly biased towards A and T residues (31.8%A,
30.2%T, 19.8%G, and 18.2%C in H. sapiens; 38.8%A, 39.1%T, 12.4%G,
and 9.6%C in A. gambiae; 36.4%A, 37.1%T, 14.9%G, and 11.6%C in
P. falciparum). The same 50/50 purine/pyrimidine balance is
seen but here the situation is radically different for the A + T con-
tent which varies from 62% in H. sapiens mitochondria up to 74%
in P. falciparum apicoplasts and 78% in A. gambiae mitochondria.
Considering the nt contents of individual structural domains of
all tRNAs within each of the six sets, conﬁrms a strong similarity
between cyt tRNAs on one side and organellar tRNAs on the other
(Fig. 4C). Note in cyt tRNAs that D- and T-stems have the richest
G + C contents, while anticodon- and acceptor-stems have signiﬁ-
cantly lower G + C contents. The same trend exists for organellar
tRNAs, but is shifted towards higher A + T contents that can exceed
75% in A. gambiae. This shows a similar uneven nt content in the
two stem-domains forming the branches of the L-shaped tRNA,
and could support the origin of modern tRNA by hairpin duplica-
tion [3–5,71]. As expected, the structural diversity found in mt hu-
man and mosquito tRNAs correlates well with the diversity in nt
contents of their D- and T-loops (Fig. 4C).
5.4. Apicoplast tRNAs from P. falciparum share unique features
In the attempt to characterize sets of tRNAs belonging to single
translational machineries, primary, secondary, and tertiary struc-
tural features have been compared. As seen in Fig. 3, apicoplast
tRNAs from P. falciparum are of chimerical nature, combining cyt
and mt features. Indeed, cyt tRNAs from H. sapiens, A. gambiae,
and P. falciparum are of the same structural type and of random
nt composition. The sets of mt tRNAs from both H. sapiens and A.
gambiae are very similar each other with typical size variations
of D- and T-loops and absence of D-/T-loop interactions, a short
variable region, and a highly skewed A + T rich nt content. The case
of P. falciparum apicoplast tRNAs is of special interest, since this set
Fig. 3. Global structural signatures of the tRNA sets from the three organisms involved in malaria. Nucleotide compositions are given in percentages (numbers have been
obtained upon analysis the full sets of individual genes coding for the 343 human cytosolic, 22 human mitochondrial, 115 A. gambiae cytosolic, 22 A. gambiae mitochondrial,
35 P. falciparum cytosolic, and 25 P. falciparum apicoplastic tRNAs; the CCA triplet was omitted for calculations). The tRNAs are represented in schematized L-shaped
representation with variation in the loop-size (including variable region) emphasized by broken lines. Sticks schematize the presence of the G18G19 and T54TC56 motifs
governing the D- and T-loop interaction.
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tures but also by mt-type nt content. This combination is unique
among the six sets investigated and allows for unambiguous
assignment.
6. Conclusion and perspectives
Diversity and similarity are key words characterizing tRNAs.
This is valid as well for vertical as for horizontal comparisons, i.e.
one tRNA speciﬁcity along the phylogeny and full sets of tRNAs in-
volved in a given translational machinery. Here, it is conﬁrmed that
cyt tRNAs of the three organisms related to malaria are of classical
type, and that mt tRNAs from human and mosquito are of ‘‘bizarre”
type. Interestingly however, P. falciparum apicoplast tRNAs are sig-
niﬁcantly different from both cyt and mt host tRNAs in terms of
phylogenetic distance and in terms of detailed structural features
(Fig. 3). This designates the complete apicoplast tRNA population
as potential target for anti-malarial strategies. The single apicoplast
initiator tRNAMet shows an unprecedented structural property for a
methionine speciﬁc tRNA, namely the presence of a long variable
region, which makes this tRNA an unexpected potential speciﬁc
target. It is already established that the apicoplast of P. falciparum
is translationally active with characterization of elongation factor
activity [72] and more generally with biochemical exploration of
plasmodial tRNA aminoacylation systems [73].
Knowledge-based drug design or chemical library screening
should reveal candidate molecules speciﬁcally directed to interact
with apicoplast tRNA sequence features. These small molecules
would interfere with conformational and/or with functional prop-
erties of tRNAs required for protein synthesis in the apicoplast (e.g.
aminoacylation, interaction with elongation factor, interaction
with ribosomal sites). Due to the vital importance of apicoplast
genome information [74], such inhibitors are expected to be lethal
for the parasite. Apicoplast pathways are essentially prokaryotic
and therefore excellent drug targets with some antibiotics inhibit-ing these molecular processes already in chemotherapeutic use,
and the expectation of new discoveries [75].
We believe that further horizontal comparisons will enable to
highlight typical features for full sets of tRNAs from groups
or organisms. Beside deeper basic understanding of the evolution
of tRNA, such studies could open new routes for anti-parasite or
anti-infectious strategies. They could indeed pinpoint structural
tRNA motifs as targets for new protein synthesis inhibitors and
complement strategies in which the active sites of aaRSs have been
considered [76].
7. Methodological aspects
tRNA sequences are from the tRNAdb database http://trnadb.
bioinf.uni-leipzig.de/ [1]. Speciﬁc human nuclear tRNA sequences
were retrieved from the genomic tRNA database http://lowelab.
ucsc.edu/GtRNAdb/Hsapi/. The corresponding sequences for A.
gambiae were not yet annotated in the Ensembl Mosquito Genome
database http://www.ensembl.org/Anopheles_gambiae/blastview
and were obtained using BLASTN searches against the nuclear gen-
ome using corresponding human tRNA genes as query. Sequences
of nuclear encoded P. falciparum tRNAs were from the Plasmodium
Genome Resource database http://www.plasmodb.org/. mt tRNA
gene sequences were retrieved from the corresponding genomes,
obtained directly from the NCBI Genome database http://www.
ncbi.nlm.nih.gov/genomes/genlist.cgi?taxid=2759&type=4&name=
Eukaryotae (Genbank accession numbers NC_001807 – H. sapiens,
NC_002084 – A. gambiae, NC_002375 – P. falciparum). The apicop-
last of P. falciparum contains a genome (plastid-like DNA) that has
been sequenced [68] and its complete set of tRNA gene sequences
was retrieved from the plastid-like DNA genome Genbank (acces-
sion number X95275 and X95276). The program ‘‘EditSeq”
of the ‘‘Lasergene sequence and analysis software” package
(DNASTAR Inc., Madison, WI) was used to download tRNA gene











































































































































































































Fig. 4. Nucleotide content of full sets of tRNAs from the three organisms involved in malaria. (A) Total nucleotide distributions (%) with standard deviations and (B) contents
(%) of pyrimidines (A + T) and purines (G + C) with standard deviations in the three organisms. (C) Nucleotide contents within the seven structural domains of tRNA.
Abbreviations are as follows: cyt-hs, cyt-ag, cyt-pf for cytosolic and mt-hs, mt-ag, mt-pf for mitochondrial tRNAs from H. sapiens (hs), A. gambiae (ag), and P. falciparum (pf),
respectively. See legend to Fig. 3 for details on calculations.
356 J. Pütz et al. / FEBS Letters 584 (2010) 350–358Sequences were aligned using MegAlign (Lasergene – DNA-
STAR) and CLUSTALW [77] and adjusted manually according to
secondary structural domains of canonical tRNAs [1]. These do-
mains were easily recognized in cyt tRNA genes and in the apicop-
last DNA from P. falciparum. Alignments of mt encoded tRNAs was
performed in taking into account size variations in their D- and
T-stems and/or loops and the absence of the D-domain for
tRNASer(AGY) [57]. For this aim, the complementary sequencesallowing formation of the four stems of the tRNA secondary struc-
ture were decisive.
Acknowledgements
We thank Frank Jühling and Julie Thompson for their help in
calculations of nucleotide contents and establishment of the phylo-
genetic tree. Our work is supported by Centre National de la
J. Pütz et al. / FEBS Letters 584 (2010) 350–358 357Recherche Scientiﬁque (CNRS), Université de Strasbourg, Associa-
tion Française contre les Myopathies (AFM), ACI BCMS, French-Ger-
man PROCOPE program (DAAD D/0628236, EGIDE PHC 14770PJ),
and ANR-09-BLAN-0091-01.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.11.050.
References
[1] Jühling, F., Mörl, M., Hartmann, R., Sprinzl, M., Stadler, P.F. and Pütz, J. (2009)
Compilation of tRNA sequences and tRNA genes. Nucleic Acids Res. 37, D159–
D162.
[2] Buechter, D.D. and Schimmel, P. (1993) Aminoacylation of RNA minihelices:
implications for tRNA synthetase structural design and evolution. Crit. Rev.
Biochem. Mol. Biol. 28, 309–322.
[3] Di Giulio, M. (1992) On the origin of the transfer RNA molecule. J. Theor. Biol.
159, 199–214.
[4] Schimmel, P., Giegé, R., Moras, D. and Yokoyama, S. (1993) An operational RNA
code for amino acids and possible relationship to genetic code. Proc. Natl.
Acad. Sci. USA 90, 8763–8768.
[5] Widmann, J., Giulio, M.D., Yarus, M. and Knight, R. (2005) TRNA creation by
hairpin duplication. J. Mol. Evol. 61, 524–530.
[6] Maizels, N. and Weiner, A.M. (1994) Phylogeny from function: evidence from
the molecular fossil record that tRNA originated in replication, not translation.
Proc. Natl. Acad. Sci. USA 91, 6729–6734.
[7] Giegé, R. (2008) Toward a more complete view of tRNA biology. Nat. Struct.
Mol. Biol. 15, 1007–1014.
[8] Wegrzyn, G. and Wegrzyn, A. (2008) Is tRNA only a translation factor or also a
regulator of other processes? J. Appl. Genet. 49, 115–122.
[9] Thompson, D.M. and Parker, R. (2009) Stressing out over tRNA cleavage. Cell
138, 215–219.
[10] Abe, T. et al. (2009) TRNADB-CE: tRNA gene database curated manually by
experts. Nucleic Acids Res. 37, D163–D168.
[11] Baron, C. and Böck, A. (1991) The length of the aminoacyl-acceptor stem of the
selenocysteine-speciﬁc tRNASec of Escherichia coli is the determinant for
binding to elongation factors SELB or Tu. J. Biol. Chem. 266, 20375–20379.
[12] Böck, A., Thanbichler, M., Rother, M. and Resch, A. (2005) Selenocysteine in:
The Aminoacyl-tRNA Synthetases (Ibba, M., Francklyn, C. and Cusack, S., Eds.),
pp. 320–327, Landes Biosciences, Georgetown, TX, USA.
[13] Srinivasan, G., James, C.M. and Krzycki, J.A. (2002) Pyrrolysine encoded by UAG
in archaea: charging of a UAG-decoding specialized tRNA. Science 296, 1459–
1462.
[14] Ibba, M. and Söll, D. (2002) Genetic code: introducing pyrrolysine. Curr. Biol.
12, R464–R466.
[15] Kumazawa, Y. and Nishida, M. (1993) Sequence evolution of mitochondrial
tRNA genes and deep-branch animal phylogenetics. J. Mol. Evol. 37, 380–398.
[16] Sugahara, J., Kikuta, K., Fujishima, K., Yachie, N., Tomita, M. and Kanai, A.
(2008) Comprehensive analysis of archaeal tRNA genes reveals rapid increase
of tRNA introns in the order thermoproteales. Mol. Biol. Evol. 25, 2709–2716.
[17] Randau, L. and Söll, D. (2008) Transfer RNA genes in pieces. EMBO Rep. 9, 623–
628.
[18] Fujishima, K., Sugahara, J., Kikuta, K., Hirano, R., Sato, A., Tomita, M. and Kanai,
A. (2009) Tri-split tRNA is a transfer RNA made from 3 transcripts that
provides insight into the evolution of fragmented tRNAs in archaea. Proc. Natl.
Acad. Sci. USA 106, 2683–2687.
[19] Sun, F.J. and Caetano-Anolles, G. (2007) The origin and evolution of tRNA
inferred from phylogenetic analysis of structure. J. Mol. Evol. 61, 21–35.
[20] Haenni, A.L. and Chapeville, F. (1997) An enigma: the role of viral RNA
aminoacylation. Acta Biochim. Pol. 44, 827–837.
[21] Forterre, P. (2005) The two ages of the RNA world, and the transition to the
DNA world: a story of viruses and cells. Biochimie 87, 793–803.
[22] Sun, F.J. and Caetano-Anolles, G. (2008) Evolutionary patterns in the sequence
and structure of transfer RNA: early origins of archaea and viruses. PLoS
Comput. Biol. 4, e1000018.
[23] Claverie, J.M., Abergel, C. and Ogata, H. (2009) Mimivirus. Curr. Top. Microbiol.
Immunol. 328, 89–121.
[24] Hopper, A.K. and Phizicky, E.M. (2003) TRNA transfers to the limelight. Genes
Dev. 17, 162–180.
[25] Ryckelynck, M., Giegé, R. and Frugier, M. (2005) TRNAs and tRNA mimics as
cornerstones of aminoacyl-tRNA synthetase regulations. Biochimie 87, 835–
845.
[26] Dreher, T.W. (2009) Role of tRNA-like structures in controlling plant virus
replication. Virus Res. 139, 217–229.
[27] Roy, H. and Ibba, M. (2009) Broad range amino acid speciﬁcity of RNA-
dependent lipid remodeling by multiple peptide resistance factors. J. Biol.
Chem. 284, 29677–29683.
[28] Marshall, L., Kenneth, N.S. and White, R.J. (2008) Elevated tRNA(iMet)
synthesis can drive cell proliferation and oncogenic transformation. Cell
133, 78–89.[29] Maniataki, E. and Mourelatos, Z. (2005) Human mitochondrial tRNAMet is
exported to the cytoplasm and associates with the Argonaute 2 protein. RNA
11, 849–852.
[30] Cole, C. et al. (2009) Filtering of deep sequencing data reveals the existence of
abundant Dicer-dependent small RNAs derived from tRNAs. RNA 15, 2147–
2160.
[31] Moore, S.D. and Sauer, R.T. (2007) The tmRNA system for translational
surveillance and ribosome rescue. Annu. Rev. Biochem. 76, 101–124.
[32] Fechter, P., Rudinger-Thirion, J., Florentz, C. and Giegé, R. (2001) Novel features
in the tRNA-like world of plant viral RNAs. Cell. Mol. Life Sci. 58, 1547–1561.
[33] Giegé, R., Frugier, M. and Rudinger, J. (1998) TRNA mimics. Curr. Opin. Struct.
Biol. 8, 286–293.
[34] Mans, M.W., Pleij, C.W.A. and Bosch, L. (1991) TRNA-like structures. Structure,
function and evolutionary signiﬁcance. Eur. J. Biochem. 201, 303–324.
[35] de Bruijn, M.H.L. and Klug, A. (1983) A model for the tertiary structure of
mammalian mitochondrial transfer RNAs lacking the entire ‘dihydrouridine’
loop and stem. EMBO J. 2, 1309–1321.
[36] Wolstenholme, D.R., Macfarlane, J.L., Okimoto, R., Clary, D.O. and Wahleithner,
J.A. (1987) Bizarre tRNAs inferred from DNA sequences of mitochondrial
genomes of nematode worms. Proc. Natl. Acad. Sci. USA 84, 1324–1328.
[37] Ishitani, R., Nureki, O., Nameki, N., Okada, N., Nishimura, S. and Yokoyama, S.
(2003) Alternative tertiary structure of tRNA for recognition by a
posttranscriptional modiﬁcation enzyme. Cell 113, 383–394.
[38] Giegé, R., Puglisi, J.D. and Florentz, C. (1993) TRNA structure and
aminoacylation efﬁciency. Prog. Nucleic Acid Res. Mol. Biol. 45, 129–206.
[39] Dirheimer, G., Keith, G., Dumas, P. and Westhof, E. (1995) Primary, secondary
and tertiary structures of tRNAs in: TRNA: Structure, Biosynthesis and
Function (Söll, D. and RajBhandary, U.L., Eds.), pp. 93–126, Am. Soc.
Microbiol. Press, Washington, DC.
[40] Rich, A. and RajBhandary, U.L. (1976) Transfer RNA: molecular structure,
sequence, and properties. Annu. Rev. Biochem. 45, 805–860.
[41] Giegé, R., Sissler, M. and Florentz, C. (1998) Universal rules and idiosyncratic
features in tRNA identity. Nucleic Acids Res. 26, 5017–5035.
[42] Ardell, D.H. and Andersson, S.G. (2006) TFAM detects co-evolution of tRNA
identity rules with lateral transfer of histidyl-tRNA synthetase. Nucleic Acids
Res. 34, 893–904.
[43] Hou, Y.-M. and Schimmel, P. (1988) A simple structural feature is a major
determinant of the identity of a transfer RNA. Nature 333, 140–145.
[44] McClain, W.H. and Foss, K. (1988) Changing the identity of a tRNA by
introducing a G–U wobble pair near the 30 acceptor end. Science 240, 793–
796.
[45] Bonnefond, L., Giegé, R. and Rudinger-Thirion, J. (2005) Evolution of the
tRNATyr/TyrRS aminoacylation systems. Biochimie 87, 873–883.
[46] Fender, A., Sauter, C., Messmer, M., Pütz, J., Giegé, R., Florentz, C. and Sissler, M.
(2006) Loss of a primordial identity element for a mammalian mitochondrial
aminoacylation system. J. Biol. Chem. 281, 15980–15986.
[47] Becker, H.D., Giegé, R. and Kern, D. (1996) Identity of prokaryotic and
eukaryotic tRNAAsp for aminoacylation by aspartyl-tRNA synthetase from
Thermus thermophilus. Biochemistry 35, 7447–7458.
[48] Christian, T., Lipman, R.S.A., Evilia, C. and Hou, Y.-M. (2000) Alternative design
of a tRNA core for aminoacylation. J. Mol. Biol. 303, 503–514.
[49] Hou, Y.-M., Westhof, E. and Giegé, R. (1993) An unusual RNA tertiary
interaction has a role for the speciﬁc aminoacylation of a transfer RNA. Proc.
Natl. Acad. Sci. USA 90, 6776–6780.
[50] Grosjean, H. and Benne, R. (1998) Modiﬁcation and Editing of RNA, ASM Press,
Washington.
[51] Muramatsu, T., Nishikawa, K., Nemoto, F., Kuchino, Y., Nishimura, S.,
Miyazawa, T. and Yokoyama, S. (1988) Codon and amino-acid speciﬁcities of
a transfer RNA are both converted by a single post-transcriptional
modiﬁcation. Nature 336, 179–181.
[52] Agris, P.F., Vendeix, F.A. and Graham, W.D. (2007) TRNA’s wobble decoding of
the genome: 40 years of modiﬁcation. J. Mol. Biol. 366, 1–13.
[53] Marck, C. and Grosjean, H. (2002) TRNomics: analysis of tRNA genes from 50
genomes of Eukarya, Archaea, and Bacteria reveals anticodon-sparing
strategies and domain-speciﬁc features. RNA 8, 1189–1232.
[54] Grosjean, H., Ed., (2009). DNA and RNA Modiﬁcation Enzymes: Structure,
Mechanisms, Function, and Evolution, pp. 1–653, Landes Bioscience, Austin,
TX, USA.
[55] Grosjean, H. (2009) Nucleic acids are not boring long polymers of only four
types of nucleotides: a guided tour in: DNA and RNA Modiﬁcation Enzymes:
Structure, Mechanisms, Function, and Evolution (Grosjean, H., Ed.), pp. 1–18,
Landes Bioscience, Austin, TX, USA.
[56] Anderson, S. et al. (1981) Sequence and organization of the human
mitochondrial genome. Nature 290, 457–465.
[57] Helm, M., Brulé, H., Friede, D., Giegé, R., Pütz, D. and Florentz, C. (2000) Search
for characteristic structural features of mammalian mitochondrial tRNAs. RNA
6, 1356–1379.
[58] Florentz, C., Sohm, B., Tryoen-Tóth, P., Pütz, J. and Sissler, M. (2003) Human
mitochondrial tRNAs in health and disease. Cell. Mol. Life Sci. 60, 1356–
1375.
[59] Pütz, J., Dupuis, B., Sissler, M. and Florentz, C. (2007) Mamit-tRNA, a database
of mammalian mitochondrial tRNA primary and secondary structures. RNA 13,
1184–1190.
[60] Tuteja, R. (2007) Malaria – an overview. FEBS J. 274, 4670–4679.
[61] Wheeler, D.A. et al. (2008) The complete genome of an individual by massively
parallel DNA sequencing. Nature 452, 872–876.
358 J. Pütz et al. / FEBS Letters 584 (2010) 350–358[62] Holt, R.A. et al. (2002) The genome sequence of the malaria mosquito
Anopheles gambiae. Science 298, 129–149.
[63] Mongin, E., Louis, C., Holt, R.A., Birney, E. and Collins, F.H. (2004) The Anopheles
gambiae genome: an update. Trends Parasitol. 20, 49–52.
[64] Gardner, M.J. et al. (2002) Genome sequence of the human malaria parasite
Plasmodium falciparum. Nature 419, 498–511.
[65] Berry, A.E., Gardner, M.J., Caspers, G.J., Roos, D.S. and Berriman, M. (2004)
Curation of the Plasmodium falciparum genome. Trends Parasitol. 20, 548–
552.
[66] Beard, C.B., Hamm, D.M. and Collins, F.H. (1993) The mitochondrial genome of
the mosquito Anopheles gambiae: DNA sequence, genome organization, and
comparisons with mitochondrial sequences of other insects. Insect Mol. Biol.
2, 103–124.
[67] Conway, D.J. et al. (2000) Origin of Plasmodium falciparum malaria is traced by
mitochondrial DNA. Mol. Biochem. Parasitol. 111, 163–171.
[68] Wilson, R.J. et al. (1996) Complete gene map of the plastid-like DNA of the
malaria parasite Plasmodium falciparum. J. Mol. Biol. 261, 155–172.
[69] Foth, B.J. and McFadden, G.I. (2003) The apicoplast: a plastid in
Plasmodium falciparum and other Apicomplexan parasites. Int. Rev. Cytol.
224, 57–110.
[70] Giegé, R. and Frugier, M. (2003) Transfer RNA structure and identity in:
Translation Mechanisms (Lapointe, J. and Brakier-Gringas, L., Eds.), pp. 1–24,
Landes Biociences, Georgetown, TX, USA.[71] Blaise, M., Becker, H.D., Keith, G., Cambillau, C., Lapointe, J., Giegé, R. and Kern,
D. (2004) A minimalist glutamyl-tRNA synthetase dedicated to
aminoacylation of the tRNAAsp QUC anticodon. Nucleic Acid Res. 32, 2768–
2775.
[72] Chaubey, S., Kumar, A., Singh, D. and Habib, S. (2005) The apicoplast of
Plasmodium falciparum is translationally active. Mol. Microbiol. 56, 81–89.
[73] Bour, T., Akaddar, A., Lorber, B., Blais, S., Balg, C., Candolﬁ, E. and Frugier, M.
(2009) Plasmodial aspartyl-tRNA synthetases and peculiarities in Plasmodium
falciparum. J. Biol. Chem. 284, 18893–18903.
[74] Roy, A., Cox, R.A., Williamson, D.H. and Wilson, R.J. (1999) Protein synthesis in
the plastid of Plasmodium falciparum. Protist 150, 183–188.
[75] Seeber, F. (2003) Biosynthetic pathways of plastid-derived organelles as
potential drug targets against parasitic apicomplexa. Curr. Drug Target
Immune Endocr. Metabol. Disord. 3, 99–109.
[76] Finn, J. and Tao, J. (2005) Aminoacyl-tRNA synthetases as anti-infective drug
targets in: The Aminoacyl-tRNA Synthetases (Ibba, M., Francklyn, C. and
Cusack, S., Eds.), pp. 405–413, Landes Bioscience, Georgetown, TX, USA.
[77] Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTALW: improving
the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-speciﬁc gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673–4680.
[78] Saitou, N. and Nei, M. (1987) The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425.
